Acoustic emission (AE) waveform monitoring has a great potential to use as an SHM technology. The design of an SHM system requires a thorough understanding not only in the AE hit level but also in the waveform level. Capturing the fatigue-crack generated acoustic waves from a thin aircraft material is a challenging task. The present work focuses on capturing the AE waveform from the fatigue-crack of the thin specimen. The capability of the piezoelectric wafer active sensor (PWAS), commonly used for SHM design, in capturing the fatigue-crack AE has been illustrated. The AE waveforms were captured from an in-situ AE-fatigue experiment. The AE waveforms were analyzed and two distinct types of AE waveforms were frequently observed. Multiphysics FEM simulations also showed the two types of AE waveforms corresponding to the two types of AE events. The local interaction of the AE waveform with the fatigue-crack was also observed that was yet to capture experimentally. The concept of seismological moment tensor seemed to work to simulate the AE source in the thin structure. It has been shown that different components of moment tensor can successfully simulate the different groups of experimental AE waveforms.
To understand the AE source mechanism, finite element and some analytical works had been reported [6] . In fact, the complex nature of the AE wave generation, propagation, interaction with the structural features makes it difficult to analyze the AE waveforms. The performance of the piezoelectric wafer active sensors (PWAS) was well characterized for detecting the ultrasonic guided waves [7] . These sensors were also used to detect the AE waveforms for simple pencil lead breaks AE in the past [8] . Efforts were made to retrieve the structural feature related information from the AE waveforms [9] Sagar et al. [10] reported a relationship between AE and fracture parameters to estimate the crack geometry.
In this paper, we have presented an experimental and computational analysis of acoustic waveforms resulting from fatigue-crack growth in a thin aerospace material. We also demonstrated the capability of PWAS transducer to capture the fatigue-crack related AE events.The measured AE waveforms were analyzed in both time and frequency domain. Two types of AE waveforms were frequently observed from the experimental results, however, other types may also present and beyond the scope of the present analysis. We focused on the two types of AE waveforms and performed a multiphysics FEM simulation to produce them. Multiphysics simulation suggests that the two types of AE waveforms are emanated from two distinct AE sources related to the fatigue crack. Simulation results also revealed an important crack resonance phenomenon resulted from the local interaction between AE waveform and fatigue crack geometry.
DESCRIPTION OF THE AE-FATIGUE EXPERIMENTAL SETUP
The AE-fatigue experiments were designed to capture the real time AE signals. Aircraft grade aluminum Al-2024 T3 test coupons of 100 mm wide, 300 mm long and 1 mm thick dimension were used. A small (1 mm diameter) hole was created at the center of the specimen to initiate the crack growth. It was important to minimize the boundary reflections to extract the AE signal that was related to a fatigue crack. Thus an absorbing clay boundary around the crack was used and the measured AE waveforms were free of edge reflection contamination. The fatigue loading level was selected based on the yield limit (345 MPa) of the materials. The MTS mechanical testing machine was used to apply the fatigue loading in the specimen.
The axial cyclic loading was varied sinusoidally from was 65% to 6.5% of the yield limit of the material. At first the fatigue crack was allowed to grow 25-mm (tip to tip length) without any AE measurement and clay boundary. This created a loading blind zone near the 25-mm crack where the PWAS sensor was bonded. Thus PWAS sensor experienced minimum level of influence from the applied axial loading. The wave-absorbing clay boundary also attached on the specimen around the region of interest. The schematic diagram of the instrumented specimen is shown in Figure 1b . The center of the PWAS transducer was at 5-mm from the crack.
The instrumented specimen was then subjected to the same level of stress. The load level was lowered considering the length of crack and stress concentration factors. The loading rate was also lowered to 0.25 Hz (1 cycle in 4 sec). The lower loading rate allowed controlled fatigue-crack growth. The fatigue-crack grew from the 25-mm to 40-mm and an abundant amount of AE hits were recorded by the AE instrumentation. The threshold of the AE measurement was set just above the environmental noise level and a 40 dB pre-amplifier was used.
EXPERIMENTALLY MEASURED TWO TYPES OF AE WAVEFORMS
The AE waveforms were captured for the 20-mm fatigue crack growth. The AE waveforms were appearing at faster rate when the fatigue crack grew faster. The AE waveforms were analyzed in both time and frequency domain. We observed two distinctive types of AE waveforms that were observed in the AE recording. The tome domain and frequency spectra of two types of AE waveforms were shown in Figure 2 . "Type I" AE waveforms have longer time duration (~ 60 µs) while the "Type II" AE waveforms have shorter time duration (less than 30 µs). The FFT of the time domain signal gave the frequency spectra of the two signals. The frequency spectrum of the type I and type II waveform is shown in Figure 2b ,d. The first two peaks of type I waveform happened at 50 kHz and 70 kHz frequencies. The third peak was relatively smaller than the first two and happened near 300 kHz frequency. The frequency spectrum of the type II AE waveform shows that the dominant peaks are at 300 kHz, 350 kHz, and 400 kHz frequencies. There were also some lower frequency peaks at 100 kHz, 200 kHz, but the amplitude was much smaller than the dominant peaks.
This classification of the AE waveforms was achieved based on the similar nature of the time domain waveform and of the frequency spectrum. We focused our attention on these two types of AE waveforms nonetheless there could present multiple other different types. We wanted to know what type of AE event could produce these two types of waveforms. We sought help from the FEM simulation to understand the underlying AE events of these two types of AE waveforms. Multiphysics FEM simulations were of course needed to simulate the exact physics of the problem.
MULTIPHYSICS SIMULATION AND DISCUSSION OF RESUTLS
Multiphysics FEM model was built to simulate the physical problem as shown in Figure 3 . The AE source and the piezoelectric wafer active sensor bonded in the plate structure were modeled by using ANSYS. Piezoelectric and structural wave fields of physics were simultaneously considered by using a suitable coupled field element in ANSYS multiphysics. The AE sources at the crack tip were modeled by using the concepts of the seismological moment tensors [11] . The parameters of FEM were selected based on the ref. [12] . Crack was modeled following the ref. [13] [14] . 
Local interaction of AE waves with the fatigue crack
The AE waves were generated from the AE event at the crack tip. The AE waves propagated as guided waves in the thin plate. They propagated along the crack surfaces and hit the other tip of the cracks. The other crack tip acted as a secondary source of AE waves. Some waves were transmitted through the crack tip and some were reflected back along the crack lips as shown in Figure 4 . The secondary AE waves also traveled in the plate and could be recorded by the AE sensor. This crack resonance phenomenon is highly related to the fatigue crack length. This is, however, low amplitude signal and thus challenging to capture experimentally by using the existing AE sensors.
The animation snapshots of the transient FEM simulation are demonstrated in Figure 4 : (a) the acoustic waves emitted from one crack tip travel along the crack faces, (b) the AE waves are traveling as guided waves toward the other tip of the crack, (c) when the waves hit the other tip of the crack, it generates secondary waves. Figure 5 . Two components of the moment tensor represented two distinct AE events. One component was self-equilibrating dipoles acted perpendicular to the crack. This gives the type I AE waveform. Another component was self-equilibrating dipoles acted parallel to the crack. This gives the type II AE waveform. The detail of the dipole loading FEM parameters can be found in ref. [9] . We may hypothesize two physical phenomena to explain underlying physics behind the two types of AE waveforms. The failure of the material at the crack tip while the crack grew at the maximum load level may be related to the dipole orientation corresponding to the type I signal. The irregularities of the crack surfaces may cause the crack surface rubbing and clapping which may be related to the dipole orientation corresponding to the type II signal.
The experimental AE waveforms were very similar to the simulated AE waveform obtained from the multiphysics simulation. Distinctive AE events corresponded to the distinctive AE waveforms. The PWAS transducer was capable of capturing the AE events from the thin specimen.
CONCLUSION
The fatigue-crack growth in the thin aerospace material generates multiple types of AE waveforms. PWAS transducer successfully captured the guided acoustic waves emanating from the fatigue crack in thin specimen. The AE waveform analysis provides much more information than the AE-hit-based analysis. The AE waves travels in the plate as guided waves. The seismological moment tensor concept of halfspace and full space may be applied to AE event modeling in the thin plate. Multiphysics FEM simulation showed a local interaction of the AE waveform with the fatigue crack that may potentially useful for estimating fatigue crack length. 
